Brief hypoxia or ischemia perturbs energy metabolism inducing paradoxically a stress-tolerant state, yet metabolic signals that trigger cytoprotection remain poorly understood. To evaluate bioenergetic rearrangements, control and hypoxic hearts were analyzed with 18 O-assisted 31 P NMR and 1 H NMR spectroscopy. The 18 O-induced isotope shift in the 31 P NMR spectrum of CrP, βADP and βATP was used to quantify phosphotransfer fluxes through creatine kinase and adenylate kinase. This analysis was supplemented with determination of energetically relevant metabolites in the phosphomonoester (PME) region of 31 P NMR spectra, and in both aromatic and aliphatic regions of 1 H NMR spectra. In control conditions, creatine kinase was the major phosphotransfer pathway processing high-energy phosphoryls between sites of ATP consumption and ATP production. In hypoxia, creatine kinase flux was dramatically reduced with a compensatory increase in adenylate kinase flux, which supported heart energetics by regenerating and transferring β-and γ-phosphoryls of ATP. Activation of adenylate kinase led to a build-up of AMP, IMP and adenosine, molecules involved in cardioprotective signaling. 31 P and 1 H NMR spectral analysis further revealed NADH and H + scavenging by α-glycerophosphate dehydrogenase (αGPDH) and lactate dehydrogenase contributing to maintained glycolysis under hypoxia. Hypoxia-induced accumulation of α-glycerophosphate and nucleoside 5′-monophosphates, through αGPDH and adenylate kinase reactions, respectively, was mapped within the increased PME signal in the 31 P NMR spectrum. Thus, 18 O-assisted 31 P NMR combined with 1 H NMR provide a powerful approach in capturing rearrangements in cardiac bioenergetics, and associated metabolic signaling that underlie the cardiac adaptive response to stress. (Mol Cell Biochem 256/257: [281][282][283][284][285][286][287][288][289] 2004) 
1
H NMR spectroscopy. The 18 O-induced isotope shift in the 31 P NMR spectrum of CrP, βADP and βATP was used to quantify phosphotransfer fluxes through creatine kinase and adenylate kinase. This analysis was supplemented with determination of energetically relevant metabolites in the phosphomonoester (PME) region of 31 P NMR spectra, and in both aromatic and aliphatic regions of 1 H NMR spectra. In control conditions, creatine kinase was the major phosphotransfer pathway processing high-energy phosphoryls between sites of ATP consumption and ATP production. In hypoxia, creatine kinase flux was dramatically reduced with a compensatory increase in adenylate kinase flux, which supported heart energetics by regenerating and transferring β-and γ-phosphoryls of ATP. Activation of adenylate kinase led to a build-up of AMP, IMP and adenosine, molecules involved in cardioprotective signaling. 31 P and 1 H NMR spectral analysis further revealed NADH and H + scavenging by α-glycerophosphate dehydrogenase (αGPDH) and lactate dehydrogenase contributing to maintained glycolysis under hypoxia. Hypoxia-induced accumulation of α-glycerophosphate and nucleoside 5′-monophosphates, through αGPDH and adenylate kinase reactions, respectively, was mapped within the increased PME signal in the 31 P NMR spectrum. Thus, 18 O-assisted 31 P NMR combined with 1 H NMR provide a powerful approach in capturing rearrangements in cardiac bioenergetics, and associated metabolic signaling that underlie the cardiac adaptive response to stress. (Mol Cell Biochem 256/257: [281] [282] [283] [284] [285] [286] [287] [288] [289] 2004) 
Introduction
Oxygen deficiency associated with hypoxic or ischemic stress in heart muscle disrupts mitochondrial oxidative phosphorylation compromising ATP production and associated ATPdependent cellular processes [1] [2] [3] [4] [5] [6] . Yet, brief energetic insults alter intracellular metabolic and signal transduction triggering an adaptive protective response [7] [8] [9] [10] [11] [12] [13] . In particu-lar, cellular phosphotransfer relays, catalyzed by creatine kinase (CK) and adenylate kinase (AK), have been implicated in the maintenance of nucleotide levels and transfer of highenergy phosphoryls between sites of ATP production and consumption [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The contribution of phosphotransfer enzymes in supporting heart metabolism under hypoxia has been inferred from changes in substrate levels and measurements of phosphoryl exchange rates [1, [24] [25] [26] [27] [28] [29] [30] . More recently, the significance of individual phosphotransfer pathways following ischemia-reperfusion in ischemia-preconditioned and AK1-deficient myocardium was demonstrated by assessment of high-energy phosphoryl flux [11, 22, 32] . To gain further insight into metabolic signaling and cell tolerance to stress, it is essential to capture the dynamics of energy metabolism, and map adaptive phosphotransfer rearrangements along with originating metabolic signals.
In this regard, 18 O-assisted 31 P NMR spectroscopy was developed for simultaneous measurement of metabolite levels and metabolic fluxes through phosphotransfer systems [11, 22, [32] [33] [34] . Incorporation of 18 O as a result of cellular metabolic activity induces an isotope shift in the 31 P NMR spectrum of phosphoryl containing metabolites [35] . Although 18 O-induced isotope shift is rather small (around 0.025 ppm), it can be visualized and quantified using high-resolution NMR spectroscopy [11] . Originally, the 18 O induced isotope shift in the 31 P NMR spectrum was exploited to determine phosphotransfer reaction rates in vitro [35, 36] , and then adapted to monitor actual metabolic fluxes in intact heart muscle [11, 22, 32] . Introduction of 18 O water in tissues of interest leads to 18 O incorporation into cellular phosphates according to the rate of involved phosphotransfer reactions (Fig. 1) [11, [37] [38] [39] . Such property allows tracking of high-energy phosphoryl transfer routes, and quantification of respective enzymatic fluxes at different levels of cellular activity [11, 19, 22, [32] [33] [34] [37] [38] [39] [40] .
Here, combined 18 O-assisted 31 P NMR and 1 H NMR analysis demonstrated that the metabolic profile of the hypoxic heart is characterized by diminished creatine kinase flux and up-regulated adenylate kinase phosphotransfer, which supports myocardial energetics by regenerating and transferring β-and γ-phosphoryls of ATP. Activation of adenylate kinase flux, along with nucleotide hydrolysis, led to a build-up of AMP, IMP and adenosine, molecules involved in stress-adaptive signaling. The aromatic region of the 1 H NMR spectrum was particularly valuable for quantification of adenine nucleotides and their degradation products. Further, 31 P and 1 H NMR spectral analysis revealed that α-glycerophosphate dehydrogenase (αGPDH) has an important role in regulating glycolytic metabolism, and its product, α-glycerophosphate (αGP), significantly contributes to the phosphomonoester (PME) region in 31 P NMR spectra under hypoxia. 
Materials and methods

Heart perfusion
Nuclear magnetic resonance spectroscopy
To maximize resolution of 18 O induced shifts in 31 P NMR spectra and to increase sample stability, perchloric acid-extracted tissue were subjected to extensive chelation to remove divalent cations [11, 22] . First, hearts were extracted in a so- Fig. 1 . Sequences in labeling of cellular phosphates by 18 O. On perfusion of isolated hearts with media enriched in 18 O water, 18 O first incorporates into inorganic phosphate (P i ) by cellular ATPases. Then, ATP synthesis by oxidative phosphorylation and glycolysis introduce 18 O-labeled P i into γ-phosphate of ATP. Creatine kinase transfers 18 O-labeled phosphoryl from γ-ATP to CrP, while adenylate kinase transfers 18 O-labeled phosphoryl to βADP and βATP. In this way, the 18 O-phosphoryl labeling procedure detects only newly generated molecules containing 18 O-labeled phosphoryls reflecting cellular ATP turnover and net fluxes through individual phosphotransfer pathways. lution containing 0.6 M perchloric acid and 1 mM EDTA. Proteins were pelleted by centrifugation (15,000 g, 10 min) and protein content determined with a D C Protein Assay kit (Bio-Rad). Supernatants were neutralized with 2 M KHCO 3 , pre-cleaned with the Chelex 100 resin (Sigma) at 4°C for 1 h, and supplemented with internal standards for 31 P and 1 H NMR, 375 nmol of methylene diphosphonate (MDP) and 50 nmol of 3-trimethylsilyl tetradeutero sodium propionate (TSP), respectively. Samples were then concentrated by vacuum-centrifugation (Savant) to a volume of 0.3 ml, filtered (centrifuge filter: 0.22 µm, Milipore), supplemented with 0.3 ml D 2 O (Isotec), and chelated at 4°C for 12 h. Upon chelation, samples were frozen together with the Chelex resin in plastic ependorfs, with resin removed by filtration immediately before data acquisition. 31 P NMR and 1 H NMR data acquisition were performed at 202.5 and 500 MHz using a Bruker 11 T (Avance) spectrometer in high-quality 5 mm tubes (535-PP-7 Wilmad Glass) at ambient temperature and sample spinning at 20 Hz. Magnetic field homogeneity was maximized by 3D gradient shimming to achieve typical line width at a half height of 0.0012 ppm (0.6 Hz on 500 MHz) in a single 1 H NMR scan. During data acquisition auto-shimming (z1 and z2) was applied to maintain field homogeneity. Typical line widths at half height of various cellular phosphates in 31 P NMR spectra were around 0.0080 ppm (1.5 Hz on 202.5 MHz), significantly less then the 18 O-induced shift ranging between 0.0210 and 0.0250 ppm.
For 31 P NMR, 9000 scans were acquired without relaxation delay (acquisition time 1.61 sec) using a pulse width of 10 µsec (53° angle) with proton decoupling during data acquisition (WALTZ-16 with 90° angle, pulse width of 506 µsec for 1 H). Before Fourier-transformation FIDs were zero-filled to 32 K, and multiplied by an exponential window function with 0.3 Hz line-broadening. Peak areas were integrated using the Bruker software after automatic correction of phase and baseline. Deconvolution with the Nuts software (Acorn NMR) was applied where appropriate to determine areas of overlapping peaks. Chemical shifts were referenced according to CrP, which was set to be at -3.12 ppm relative to 85% orthophosphoric acid. 18 O labeling of metabolites were calculated as described below. The metabolite levels of glucoso-6-phosphate (G6P), α-glycerophosphate (αGP), inorganic phosphate (Pi), CrP, ATP, ADP were determined according to MDP used as an internal standard, and corrected for NOE (by factors determined in typical sample recorded with and without decoupling) and incomplete relaxation (by factors calculated from T 1 times in a typical sample, measured by the inversion-recovery technique) as described [11, 22] .
For 1 H NMR, 128 scans were accumulated under fully relaxed conditions (12.8 sec relaxation delay) with a pulse width of 9 µsec (90° angle). FIDs were zero-filled to 32 K, and Fourier-transformed without filtering. Phase and baseline were manually adjusted before integration and deconvolution. Chemical shifts were assigned relative to the TSP signal at 0 ppm. Metabolite levels of adenosine monophosphate (AMP), ATP, ADP, adenosine, inosine monophosphate (IMP), CrP and lactate (Lac) were calculated according to TSP used as internal standard. The identity of metabolites was confirmed by standard additions. After corrections, levels of CrP, ATP and ADP did not differ more then 10% between 31 P and 1 H NMR, and average values from these two alternative measurements were taken.
Calculation of phosphotransfer fluxes
Up to three 18 O atoms can be incorporated in phosphoryls of CrP, β-ADP and β-ATP. The percentages of 16 18 O in H 2 O)] as previously described [11, 19, [37] [38] [39] [40] . Creatine kinase phosphotransfer flux was determined from the rate of appearance of CrP species containing 18 O labeled phosphoryls using pseudo-linear approximation and assuming the creatine kinase reaction at steady-state [11, 38, 39] . Adenylate kinase phosphotransfer flux was determined from the rate of appearance of 18 O containing β-phosphoryls in ADP and ATP [19, 22, 32, 40] .
Statistical analysis
Data are expressed as mean ± S.E. Two-sided Student's t-test assuming unequal variances was used for statistical analysis. A difference at p < 0.05 was considered significant.
Results
Rearrangement in cellular phosphotransfer under hypoxia
In the well-oxygenated heart, transfer of high-energy phosphoryls between sites of ATP production and consumption is facilitated by the creatine kinase (CK) and adenylate kinase (AK) system, with creatine kinase phosphotransfer serving a dominant role [11, 14-17, 19, 22, 29, 32, 41] . Here, with hypoxic challenge, CK phosphotransfer was dramatically reduced (Fig. 2) . On average, CK flux dropped from 287 ± 4 nmol·mg protein -1 ·min -1 under normoxia to 66 ± 18 nmol·mg protein -1 ·min -1 in hypoxia (p < 0.01, n = 5 each), i.e. a 77% reduction (Fig. 3) . Conversely, upon hypoxia, AK-catalyzed 18 O-labeling of β-phosphoryls of ADP and ATP was increased (Fig. 2) . This translated in a 67% increase in AK flux, from 44 ± 2 nmol·mg protein -1 ·min -1 in the normoxic to 73 ± 5 nmol·mg protein -1 ·min -1 in the hypoxic myocardium (p < 0.01, n = 5 each; Figs 2 and 3) . Reduction in the CK/AK flux ratio, from 6.5 ± 0.4 in normoxia to 0.8 ± 0.2 in hypoxia (p < 0.01, n = 5 each), indicates rearrangement in phosphotransfer signaling with adenylate kinase playing a major role in supporting heart energetics under hypoxic stress.
Biological significance of adenylate kinase activation
The imbalance between oxygen demand and supply under hypoxia resulted in a significant reduction of ATP and CrP levels (Fig. 2) . On average, ATP dropped from 25.1 ± 1.0 nmol·mg protein -1 in normoxia to 14.0 ± 1.3 nmol·mg protein -1 in hypoxia (p < 0.01, n = 5 each, Figs 2 and 4A). Similarly, CrP was reduced from 36.8 ± 0.7 to 7.7 ± 1.2 nmol·mg protein -1 (p < 0.01, n = 5 each) under hypoxic conditions (Fig. 2) . Consequently, in hypoxia, ADP increased from 4.9 ± 0.1 to 6.8 ± 0.3 nmol·mg protein -1 (p < 0.01, n = 5 each, Figs 2 and 4A), and inorganic phosphate increased from 27.8 ± 1.4 to 60.4 ± 2.6 nmol·mg protein -1 (p < 0.01, n = 5 each, Fig. 2 ). This resulted in a significant reduction, from 5.1 under control to 2.1 under hypoxic conditions, of the ATP/ADP ratio, an energetic signal balancing ATP production and consumption processes. Under hypoxia, activation of adenylate kinase phosphotransfer could increase regeneration of ATP by rephosphorylating ADP through the ADP + ADP → ATP + AMP reaction, concomitantly producing AMP, an important signaling molecule. AMP and its degradation products, adenosine and IMP, were sharply increased under hypoxia, and detected with 1 H NMR (Fig. 4A ). On average, AMP was 1.00 ± 0.12 and 2.41 ± 0.15 nmol·mg protein -1 (p < 0.01, n = 5 each groups), adenosine was 0.046 ± 0.003 and 0.254 ± 0.053 nmol·mg protein -1 (p < 0.01, n = 5 each), and IMP was 0.19 ± 0.06 and 1.47 ± 0.18 nmol·mg protein -1 (p < 0.01, n = 5 each) in normoxic and hypoxic hearts, respectively (Fig. 4B) . Adenylate kinase activation also affected the appearance of the PME region in the 31 P spectrum through increase of the nucleotide monophosphate (NMP) peak (Fig. 5 ). This NMP peak was composed of AMP, IMP, xantosine monophosphate (XMP), all confirmed by standard addition, and possibly by other monophosphates. Although due to a mixed composition the precise quantification of individual NMP components was not possible, such increase in the NMP peak can be used as an indicator of AK activation as it reflects production and further degradation of AMP, the main product of the AK reaction. Thus, adenylate kinase supports heart bioenergetics in hypoxia by maintaining ATP levels and inducing production of cardioprotective mediators, such as AMP, adenosine, and IMP, which activate downstream metabolic and signal transduction events [8-13, 28, 42-46] . 31 
Mapping by
P and 1 H NMR of altered glycolytic metabolism in hypoxia
In hypoxia, glycolysis is a major energetic system that could reduce the decline in ATP levels [1] [2] [3] [4] . However, build-up of NADH and H + under hypoxic conditions can inhibit key glycolytic enzymes, phosphofructokinase (PFK) and glyceraldehyde phosphate dehydrogenase (GAPDH) [1, 3, 25, 47] . To prevent inhibition of glycolysis, NADH and H + must be scavenged. This could be accomplished by α-glycerophosphate dehydrogenase (αGPDH) and lactate dehydrogenase (LDH), resulting in increased α-glycerophosphate (α-GP) and lactate, detectable by 31 P and 1 H NMR, respectively [11] . Here, α-GP, a product of the αGPDH reaction, increased from 1.0 ± 0.2 nmol·mg protein -1 in normoxic to 13.7 ± 0.6 nmol·mg protein -1 in hypoxic hearts (p < 0.01, n = 5 each, Fig.  5 ). Also, lactate, a product of LDH catalysis and indicator of NADH scavenging, increased from 1.6 ± 0.4 nmol·mg protein -1 in normoxia to 17.9 ± 3.3 nmol·mg protein -1 in hypoxia Fig. 2 . Reduced creatine kinase and increased adenylate kinase phosphotransfer under hypoxia. 31 P NMR spectra, from 5 to -21 ppm, are presented in control and hypoxic hearts. Regions of spectra that correspond to CrP, βADP and βATP peaks are magnified to illustrate the 18 O-induced shift following incorporation of 18 O atoms. Under hypoxia, 18 O incorporation into CrP, a consequence of creatine kinase phosphotransfer, was reduced, while 18 O incorporation into βADP and βATP resulting from adenylate kinase phosphotransfer was increased. Incorporation of each 18 O atom induces an isotope shift of 0.0250 in 31 P NMR spectra of CrP and 0.0228 ppm in βADP, respectively. The isotope shift of βATP was different for bridging and nonbridging 18 O oxygens, 0.0170 and 0.0287 ppm, respectively. 16 18 O atoms, can be incorporated in phosphoryls of CrP, βADP and βATP. Peaks corresponding to bridging and non-bridging 18 O oxygens of βATP are marked as one peak. PME -phosphomonoester region; Pi -inorganic phosphate; PDE -phosphodiester region.
(p < 0.01, n = 5 each). Similar increases in α-GP and lactate suggest that αGPDH and LDH contribute significantly to NADH and H + scavenging under hypoxia. Moreover, the increase in α-GP under hypoxic conditions leads to an increased PME region in 31 P NMR spectra (Fig. 5) . The increase of α-GP was an order of magnitude higher compared to the 1.5 fold increase in glucose-6-phosphate (G6P) detectable in the same spectral area (Fig. 5) . On average, G6P levels were 0.41 ± 0.02 and 0.64 ± 0.07 nmol·mg protein -1 (p < 0.01, n = 5 each) in normoxic and hypoxic hearts, respectively. Modest elevation in G6P, along with increase in α-GP and lactate levels in hypoxia, indicate a new steady-state in glycolytic metabolism without significant inhibition of PFK and/or GAPDH that would otherwise produce build-up of proximal glycolytic intermediates [47, 48] .
Discussion
Adaptive rearrangements in cellular energy metabolism have been implicated in the generation of a stress-tolerant state [7] [8] [9] [10] [11] [12] [13] [14] [15] . Here, 18 O-assisted 31 P NMR with 1 H NMR analysis mapped the bioenergetic dynamics of the myocardium under hypoxic stress. This comprehensive approach revealed a prominent role for adenylate kinase (AK) in supporting cardiac bioenergetics and metabolic signaling under hypoxic conditions. While in normoxia the majority of high-energy phosphoryl transfer proceeds through the creatine kinase (CK) system with a relatively minor contribution by AK [11, 19, 22, 32] , under hypoxia the rapid decline in CK-mediated phosphotransfer was associated with an apparently adaptive up-regulation of AK-catalyzed flux, and the generation of AMP, IMP and adenosine, molecules involved in cardioprotective signaling [8] [9] [10] [11] [12] [13] [42] [43] [44] [45] [46] . Moreover, 31 P and 1 H Fig. 3 . Redistribution of phosphotransfer flux between creatine kinase and adenylate kinase under hypoxic stress. Average phosphotransfer fluxes were determined from 18 O-labeled phosphoryl appearance in CrP, βADP and βATP, respectively. *Indicates statistically significant differences at p < 0.01. 5 . α-Glycerophosphate is a principal component of the phosphomonoester region in 31 P NMR spectra under hypoxia. Phosphomonoester (PME) regions of 31 P NMR spectra in control and hypoxic hearts. Arrows indicate increase of α-glycerophosphate (αGP) and nucleotide monophosphates (NMP) in hypoxia. G6P -Glucoso-6-phosphate; PE -phoshoethanolamine; X -unknown resonance; PC -phosphocholine.
NMR spectral analysis revealed that scavenging of NADH and H + , by α-glycerophosphate dehydrogenase (αGPDH) and lactate dehydrogenase (LDH), contributing to maintained glycolysis, which along with AK phosphotransfer supports cardiac bioenergetics under hypoxia.
Upon hypoxic stress, production of CrP in mitochondria is compromised due to unfavorable thermodynamic and kinetic conditions, leading to depletion of cytosolic CrP stores following regeneration of ATP through the CK-catalyzed reaction: CrP + ADP → ATP + Cr [16, 24, 29] . Accordingly, CK-catalyzed phosphotransfer, measured here by 18 O-assisted 31 P NMR in the direction of CrP production, was reduced 4-fold under hypoxic challenge. Concomitantly, AK-catalyzed 18 O-labeling of βADP and bATP was increased, resulting in essentially a doubling of AK flux. In addition to 18 O analysis that showed enhanced labeling of βADP and bATP, as a direct consequence of AK activation 31 P NMR spectra also demonstrated a sharp increase of the nucleoside monophosphate (NMP) signal in the region of phosphomonoester (PME) resonance. Components of the NMP signal (AMP, IMP and other nucleoside monophosphates) can be individually observed in the aromatic region (5-9 ppm) of 1 H spectra, along with other signals affected by AK, like adenosine. Increase in AMP and its degradation products, IMP and adenosine, provided further confirmation of AK activation.
Such activation of AK can protect heart muscle under hypoxia at various levels (Fig. 6 ). In particular, by regenerating ATP, providing a transfer mechanism for ATP between production and consumption sites, and ultimately by initiating AMP and adenosine production [11, 19, 22, 32] . Indeed, AK remains active in its ATP regenerating and transferring role as long as ADP is available and the enzyme is not inhibited by a build-up of AMP [49] . In fact, an increase in AMP is limited due to further AMP metabolism through AMPdeaminase and 5′ nucleotidase leading to production of IMP and adenosine, respectively [1, 28, 44] . Here, in hypoxic hearts, AMP levels were doubled, yet adenosine levels were increased essentially five times indicating high 5′ nucleotidase activity. Moreover, IMP levels were increased by more than 2 fold reflecting AMP degradation through the AMPdeaminase pathway in hypoxia. Thus, AK supports the bioenergetics of oxygen deficient hearts, in line with findings that hearts lacking AK1, the major cytosolic isoform of AK, display reduced ATP and adenosine levels, and an increased vulnerability to metabolic stress [22, 32] .
In addition, AK serves a distinct metabolic signaling role by translating small alterations in the ATP and ADP balance into large changes in AMP levels [18, 49, 51] . Indeed, AK phosphotransfer regulates nucleotide-dependent gating of ATP-sensitive potassium (K ATP ) channels [50] [51] [52] , a membrane metabolic sensor implicated in stress adaptation and cardioprotection [53] [54] [55] . 18 O-assisted 31 P NMR analysis indicate a hypoxia-induced increase in AMP phosphorylation (ATP + AMP ↔ 2ADP), which would amplify metabolic signaling by providing 2 molecules of ADP for each ATP removed from ATP-sensitive cellular components [18, 51] . Moreover, AMP produced in the reverse AK reaction can also activate metabolic sensors, such as AMP-dependent protein kinase [56, 57] and glycolytic/glycogenolytic enzymes [58] , involved in stress adaptation and cellular protection. Besides AMP, other nucleotide degradation products such IMP, adenosine and inosine have distinct metabolic signaling roles, implicated in cardioprotection [28, [42] [43] [44] [45] [46] . Thus, redistribution of flux between AK and CK phosphotransfer, observed under hypoxic challenge, contributes to reduction in bioenergetic deficit and initiation of signaling pathways implicated in cellular protection.
Alterations in glycolytic metabolism were also mapped using 31 [1, 3, 25, 47, 58] . NADH accumulates under hypoxia since it can no longer be utilized for oxidative phosphorylation due to oxygen deficiency, while protons are produced during CrP and ATP breakdown [3, 47, 58] . Washout of lactate during hypoxic perfusion, in contrast to condition of no-flow ischemia, would maintain the LDH reaction supporting NADH scavenging [1, 3, 25, 47] . That optimal scavenging did sustain glycolytic metabolism under hypoxia was further indicated by only modest increase in G6P, the glycolytic intermediate proximal to the GAPDH and PFK reactions. Larger elevations in G6P would have indicated possible inhibition of GAPDH and PFK, and the inability of this intermediate to be processed through the glycolytic pathway [25, 47, 58] .
The present use of high resolution 31 P NMR provided the opportunity to resolve components of the PME region in NMR spectra, which included G6P, α-GP, NMP and phospholipid compounds. This is of significance since increase in the PME peak area negatively correlates with functional performance of failing hearts and with recovery of heart muscle from metabolic challenge, such as ischemia [59] [60] [61] [62] [63] . Indeed, cardioprotective interventions are associated with reduction in the PME area [62, 63] , underscoring the importance of mapping individual components in the PME region with high resolution 31 P NMR spectroscopy. Such mapping could link changes in the PME region to disturbances of particular biochemical pathways, and lead to a better understanding and utilization of PME changes for diagnostic and/ or treatment purposes. 18 O-assisted 31 P NMR spectroscopy was derived for NMR purposes [11, 22, [32] [33] [34] from the original mass spectrometry-based 18 O-labeling procedure [37] [38] [39] [40] 64] . Although 18 O-assisted high-resolution 31 P NMR is less sensitive than mass spectrometric analysis, it does provide advantages of simpler and quicker processing of samples and simultaneous determination of energetically-relevant, phosphoryl-containing, metabolites and their respective turnover rates [11, 33, 34] . In a single experiment one can measure creatine kinase, adenylate kinase and glycolytic phosphotransfer fluxes, as well as ATP production, consumption and total turnover rates, providing a comprehensive analysis of dynamic alterations in the energetic system of an intact cell [11] . Using saturation transfer 31 P NMR (ST 31 P NMR) spectroscopy, an alternative method based on monitoring magnetization transfer from gATP to CrP [15, 26, 31, 65, 66] , significant CK phosphotransfer deficit was also shown during low-flow ischemia [30] or upon reperfusion following ischemia [65, 67] . This is in line with results obtained in the present and previous studies with 18 O-assisted 31 P NMR spectroscopy [11, 22, 32] . However, in contrast to ST 31 P NMR spectroscopy which measures unidirectional phosphoryl exchange rates [26, 66] , 18 O-assisted 31 P NMR spectroscopy detects net phosphoryl flux not only through CK but also through other phosphotransfer pathways, such as that catalyzed by AK, not readily detectable by ST 31 P NMR in intact heart. Furthermore, this study shows specific benefits stemming from the combined use of high-resolution 31 P and 1 H NMR spectroscopy that accompanies 18 O analysis. In particular, this includes component analysis of the PME region in 31 P NMR spectra, determination of adenine nucleotides and their degradation products in the aromatic region of 1 H NMR spectra, and lactate determinations in the aliphatic region of 1 H NMR spectra. To study cardiac energetics in hypoxia, particular advantage was taken from the aromatic region of 1 H NMR spectra (5-9 ppm) where signals originating from single protons bound to carbon within nucleotide bases can be detected. Although seldom used, successful analysis of the aromatic region with high-resolution 1 H NMR [11, [68] [69] [70] [71] [72] In conclusion, metabolic rearrangements in the intact myocardium under hypoxic stress were mapped using 18 O-assisted 31 P NMR spectroscopy, in conjunction with 1 H NMR. Capturing cellular energetic dynamics and associated generation of metabolic signals in hypoxia, provides further insight into mechanisms responsible for induction of stress tolerance. Thus, analysis of 18 O induced shifts in 31 P NMR spectra of cellular phosphates, the PME region of 31 P NMR spectra, as well as aromatic and aliphatic regions of 1 H NMR spectra, provides valuable information on the adjustment of cellular bioenergetics in response to challenge.
